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Introduction
CMOS based light sources have been shown to exhibit illumination levels that can be utilized in micro displays [1] [2] [3] . In these micro display applications the wide operational temperature range of the CMOS based avalanche electroluminescent micro display devices is cited as a distinct advantage compared to the well-established LCD and OLED technologies.
The effect of temperature on the spectral characteristics of avalanching pn junctions in silicon has been studied in theory [4] , with emphasis on emissions of photons with energies higher than 1.5 eV. The conclusion was that as the operating voltage increases with increasing temperature (the avalanching breakdown voltage has a positive temperature coefficient), the electric field inside the junction will also increase. The electron energy will then depend on both the mean free path (m.f.p.) of the electron-phonon interaction and the electric field. These two effects vary in the opposite sense with temperature. That is, at decreasing temperature, the electric field limits the effect of the m.f.p. increase on the emitted light intensity. It could not be shown whether the two opposite effects will result in a positive or negative temperature coefficient for the photon rate of emission, but theoretical calculations using an interband recombination model resulted in a small positive temperature coefficient (TC) of + 0.12 %/K for the light emission intensity for the case where the internal electric field effect is taken into account.
Experimental characterization of the spectral properties of photon emission with energies in excess of 1.5 eV from avalanching silicon pn junctions as a function of temperature was performed some time later [5] . The measured negative temperature coefficient for the light intensity at 300K was in the order of  0.38 %/K, in contrast to the previous theoretical prediction. Instead of avalanching pn junctions, the light emission from an n + nn + structure was measured and simulated, with the electric field falling mostly across the central n-type region [6] . In this case the negative TC for photon energy radiation more than 1.5 eV was in the range of  0.7 %/K. Experimental data indicated that the temperature coefficient will be less negative at higher electric fields. Since the average electric field in the devices tested was 150 kV/cm [6] , it can be expected that the temperature coefficient in our pn junction device will be less negative since the electric field is significantly larger in avalanching junctions [7] .
In this paper the conflicting results of the above theoretical and empirical approaches described are investigated, as well as TC properties of photon emission of photons with energies less than 1.5 eV. We use spectral measurements, combined with Monte Carlo and device simulations, to investigate the effect of temperature on the silicon avalanche electroluminescent device spectral characteristics.
Device design
The pn junctions under investigation were designed and manufactured in the standard ams 0.35 µm CMOS process without any post-processing. The layout and cross section of a single point source test device are shown in Fig. 1 . To achieve higher levels of optical power being emitted, 400 identical point sources were connected in parallel to form an array. The nominal test current was 140 mA, with 350 µA flowing in each point source at 10.5 V bias. This bias current results in a current density J = 500 kA/cm 2 in the device.
Experimental procedure
The output spectra of the array of 400 point sources were measured using two different spectrometers, namely a Si UV-Vis-NIR spectrometer (Avantes AvaSpec 2048TEC) covering the range 450 nm to 1100 nm, and an InGaAs NIR spectrometer (B&WTEK SOL 1.7) that covered the wavelength range 900 nm to 1700 nm. From the known relative responses of the two spectrometers, as well as their overlapping spectral ranges, the two spectra could be merged into one externally observed spectrum. From these measured spectra, the photon emission rates at the light generation site within the silicon were determined by taking the interference patterns of the Si-oxide-air interface, critical angles of internal reflection and substrate absorption effects into account. The test devices were heated on a temperature controlled hot plate to perform measurements at different junction temperatures. A good indication of the junction temperature was achieved by measuring the current vs. voltage (I-V) characteristics of a forward biased pn junction in close proximity to the array of light sources on the same chip. This reference forward biased diode I-V curve was separately calibrated versus its own junction temperature in a temperature controlled oven. Using the calibrated I-V values of this reference, its junction temperature could be accurately monitored on the chip during testing. It is assumed that the light source array junction temperature will be very close to that of the calibrated reference junction in this experimental procedure. Since the measurements were quite time consuming only one sample was measured in detail followed by some spot checks using a second sample to verify the temperature coefficient values.
Experimental results
The emission spectra at constant reverse bias current were determined in the temperature range 22°C to 122°C. In many cases different physical mechanisms can be discriminated more easily by measuring the effect of junction temperature on the device performance. The results for the three temperatures 22°C, 77°C and 122°C are shown in Fig. 2 . Examining Fig. 2 , it is evident that two different temperature dependencies are observed. At low energies there is a positive TC, and at higher energies there is a negative TC, with 1.35 eV the zero temperature coefficient cross-over photon energy. Furthermore, a distinct narrowband attenuation in emission at 2.0 eV photon energy is observed at the higher temperature. In contrast, the photon generation at 1.15 eV is enhanced significantly when the temperature is increased.
The temperature effects can be better evaluated by plotting the relative temperature responses of emissions at a number of relevant photon energies, normalized to the emission at 40ºC. The result is shown in Fig. 3 where an approximate linear temperature response is seen for all photon energies, except for the 2.0 eV photon energy emission. Up to a junction temperature of 90°C the 2.0 eV emission temperature response is identical to that of the wideband emission above 1.35 eV photon energy, but at higher temperatures the 2.0 eV emission exhibits an enhanced negative temperature coefficient. This is an indication of an increase in narrowband photon absorption at 2.0 eV, probably in the silicon dioxide layer or at the Si-oxide interface.
Assuming a linear temperature response, the temperature coefficient (TC) was determined as a function of photon energy from the slopes of the normalized curves in Fig. 3 . The TC as a function of photon energy is shown in Fig. 4 . At the photon energy of 1.35 eV the TC changes sign. At energies below this value, the TC is positive with a value of approximately + 0.5 %/K, and above this energy level of 1.35 eV the TC is negative with a value of approximately  0.25 %/K. Also very much in evidence in Fig. 4 is a narrowband emission near 1.15 eV, only observed by an enhanced positive temperature coefficient. This is very close to the bandgap energy of silicon (1.12 eV) and is most probably due to the indirect interband band edge recombination of carriers in the drift region of the device where relatively low electric fields are present. From the TC graph in Fig. 4 , four mechanisms can now be identified, namely i) a wideband emission dominant below 1.35 eV with a positive TC, and ii) another wideband emission dominant above 1.35 eV with a negative TC, and iii) a narrow band emission at 1.15 eV with positive TC, and lastly iv) a narrowband attenuation at 2.0 eV with negative TC and only observed at a junction temperature above 90ºC. 
Simulation results

Electric field and electron concentration
With device simulation [8, 9] the electric field and electron concentration within the device could be determined as a function of temperature. The results are shown in Fig. 5 . In this figure, two distinct regions within the device can be identified, namely i) the high electric field region where avalanching is taking place with an electric field in the region of 600 kV/cm, and ii) the lower electric field drift region with average electric field close to 200 kV/cm. Although the bias current is kept constant with the increase in temperature, the increase in temperature resulted in an increase in both the spatial electron concentration n and the internal electric field E throughout the device with the same positive TC of + 0.15 %/K. Furthermore, the electron concentrations in the two regions of the device are fairly close in value.
The electron current density J n in the device is given by J n = nqv, with n = electron concentration, q = electron charge and v = carrier drift velocity. In the avalanche mode of operation where the electric field is quite high, the carrier drift velocity will approach the saturation carrier velocity, which is a weak function of electric field. During the simulation (and measurement) the current density was kept constant and it then follows that the product nv must remain constant with changing temperature. It is well known that with increasing temperature, the electric field will increase in the avalanche region of operation [4] . The drift velocity v is a very weak function of electric field at high field strengths, but the carrier saturation velocity has been shown to have a negative temperature coefficient [10] . Thus the carrier concentration n will increase with increasing temperature to counter the effect of reduced carrier velocity v. The device simulation results of Fig. 5 show the positive temperature coefficients of the electric field E and the carrier concentration n as was expected from this analysis.
Hot electron energy distribution (EED)
To evaluate the EED within the conduction band in the two device regions, Monte Carlo simulations [8, 11] were performed at the two electric fields. The EED function can be derived from the density of states function and the probability distribution function of electrons. The simulation results are shown in Fig. 6 .
The simulated EED plots in Fig. 6 emphasize the difference in electron distribution between the two regions of low and high electric field. From this result it can be postulated that photons with energy above 1.35 eV will be generated mostly in the high electric field avalanching region, while the photons with energy below 1.35 eV will mostly be generated in the low electric field drift region.
Both Fig. 2 and Fig. 6 exhibit a cross over between curves at the photon energy of 1.35 eV (Fig. 2) and electron energy of 1.35 eV (Fig. 6) respectively. Since the dominant photon generating mechanism in the device has been previously identified as intraband direct and indirect electron transitions, it can be expected that there will be a close correlation between photon and electron energy since in intraband transitions the energy lost by an electron transition will be emitted in the form of a photon, albeit with a low quantum efficiency. 
Discussion of results
The dominant electronic process generating photons in a silicon reverse biased junction has previously been postulated to be intraband c-c (conduction-to-conduction band) electron relaxation processes. This was done both experimentally [6] and by simulation [6, 12] .
From the measured emission spectra of silicon hot electron electroluminescent devices, it is not that easy to identify the photon generating mechanisms taking place, and thus several models have been proposed over the years to fit the experimental and simulated data.
The dominant intraband c-c photon generating process can be either a direct c-c or an indirect phonon assisted (PA) c-c transition. It was found by simulation that the direct c-c radiation dominates at lower photon energies, and the indirect PA c-c radiation dominates at higher energies [6, 12] . A detailed theoretical study was made of the relationship between the kinetic energy of a carrier, the effective carrier temperature, and the corresponding photon distribution assuming an exponential distribution of hot-carriers in the conduction band [13] .
Using the simulation data [6] and the empirical relationship [14] between effective electron temperatures T e and electric field E (T e = 9.0510 3 E), it can be derived that at T e = 1 700K (estimate E = 188 kV/cm) the crossover energy between the two mechanisms is 1.26 eV. The crossover energy increases slightly with increasing electric field. This is very close to our measured crossover energy of 1.35 eV at higher electric fields.
It should be noted that electroluminescence from defects and states at or near the Si/SiO 2 interface have been observed to emit a wideband spectrum as well, peaking near a photon energy of 1.9 eV [15, 16] . These results were, however, very much dependent on the specific device structure and materials, as well as processing technique. This light emission from defects has not in general been considered as the dominant mechanism for photon generation in avalanching junctions.
Wideband emission above 1.35 eV photon energy
It has been shown that the majority of the photons being emitted above 1.35 eV photon energy will be in the high electric field avalanching region of the device where the electric field is approximately 600 kV/cm. Comparing the photon emission spectra in Fig. 2 with the EED graph of Fig. 6 , especially looking at the slopes of the curves, one can postulate that the photon emission is due to intraband carrier transitions. In the case of phonon assisted (PA) indirect transitions at higher photon energies, as the temperature increases, the mean free path of electron-phonon interaction decreases. The phonon scattering is thus increased and leads to less energetic electrons. Consequently, the emitted light intensity decreases, resulting in a negative TC. Taking only the effect of mean free path into account, the photon emission at energies in excess of 1.4 eV was calculated to be in the order of  1.4 %/K [4] . The positive TC of the electric field and carrier concentration (see Fig. 5 ) will cause the experimentally observed TC to have a less negative value. Indeed, in our case the wideband emission above 1.35 eV has a TC of  0.25 %/K. This negative TC is an indication that the photon generation is mostly due to intraband PA indirect transitions at photon energies in excess of 1.35 eV.
The three photon generation mechanisms identified in this study is shown in Fig. 7 . The two wideband intraband transition phenomena (direct c-c for photon energies less than 1.35 eV, and the indirect c-c for photon energies more than 1.35 eV) are shown within the conduction band of the device. The narrowband interband indirect recombination process (indirect c-v at about 1.15 eV) is also indicated in the figure.
Wideband emission below 1.35 eV photon energy
The photon energies in this band include values less than the band gap energy of silicon, thus the photon generation can only be intraband in this spectral band. At photon energies below 1.35 eV the wideband emission exhibits a fairly large positive TC of + 0.5 %/K. This means that the negative TC effect of the mean free path of electron-phonon interaction is not present, but only the positive TC effect of the increase in electric field and carrier concentrations. These emissions are then mostly direct intraband transitions.
Narrowband emission at 1.15 eV photon energy
This emission is a fairly narrow emission near the band gap energy of silicon. Since band-toband recombination at this energy level can only be indirect, this emission will be an interband c-v indirect recombination process. It is known that the internal quantum efficiency of the band-to-band emission can be defined by the ratio of the minority carrier lifetime of carriers τ p to the radiative lifetime τ [17] . The lifetime of minority charge carriers τ p is mainly controlled in silicon by nonradiative recombination. The temperature dependence of the light intensity at a fixed value of current is governed by the temperature dependences of τ p and τ. In a study the dependence of τ p on temperature at a constant current level was measured and found to have a positive TC at room temperature [17] , eventually resulting in a positive TC for band-to-band indirect recombination. It can thus be concluded that the narrowband emission at 1.15 eV is due to interband indirect band-to-band recombination.
Narrowband attenuation at 2.0 eV photon energy
This narrowband attenuation at 2 eV was only observed above 90ºC and the origin and temperature behavior of this anomaly requires further investigation. 
Conclusions
In this study we have shown that by measuring the effect of temperature on the emission spectrum of silicon junctions in avalanche breakdown, several photon generating mechanisms could be identified. For wideband emissions above 1.35 eV photon energy the negative temperature coefficient is due to intraband phonon assisted indirect transitions, and at lower energies the positive temperature coefficient is due to direct intraband transitions. The higher positive temperature coefficient narrowband emission near 1.15 eV photon energy is due to band edge interband indirect carrier recombination.
